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Offshore pipelines subjected to accidental loads, such as impacts from trawl gear or anchors, may expe-
rience large global displacements from its initial position and large local strains. The axial forces set up
during deformation move the pipeline back towards its initial position, thereby creating a complex local
stress and strain history that may lead to fracture in the pipeline. In this study, material and component
tests have been carried out on an X65 offshore pipeline material to investigate the behaviour during
impact, and to observe if fracture occurs. Pipes were ﬁrst impacted in a pendulum accelerator at varying
velocities before they were pulled straight in a tension machine. Fracture was found in the impacted area
of all the pipes. Material tests were carried out to determine the characteristics of the X65 pipeline mate-
rial. A metallurgical investigation was also conducted, revealing that fracture initiated both inside the
pipe wall and on the surface.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
Transportation of oil and gas is an essential part of the offshore
industry. To this end, pipelines are under widespread use, often un-
der high pressures and temperatures (Jones, 2010; Manes et al.,
2012). Impacts from trawl gear and anchors are known to cause
problems, see e.g. Statoil ASA (Cited 23.01.2013) where an anchor
impacted a pipeline and dragged it far from its initial position after
hooking it. The anchor chain eventually broke and the pipeline was
subsequently released and straightened due to the large axial
forces present. This necessitates an assessment regarding the haz-
ards and potential damage following such an event (Jones and
Birch, 1996) as failure in a pipeline transporting oil and/or gas
could result in severe environmental damage and economic losses.
A local dent caused by such an event may lead to a propagating
buckle (Kyriakides and Netto, 2000), while the large global defor-
mation sets up large forces as mentioned. The Petroleum Safety
Authority of Norway has published a comprehensive list online
of accidental damage on structures in the North Sea and Norwe-
gian Sea (Ptil, Cited 23.01.2013).
Det Norske Veritas (DNV) has given guidelines on certiﬁcation
and veriﬁcation of pipelines (DNV, 2000), a standard on general de-
sign of pipeline systems (DNV, 2008) and speciﬁed some recom-
mended practice on interference between pipelines and trawl
gear (DNV, 2010). The latter of these provides a critical load of atrawl clump weight of 9000 kg impacting the pipeline at 2.8 m/s.
It also includes pull-over as well as possible hooking analysis. A
load cycle of impact, pull-over and release produces a complex
stress and strain history which is not well covered in the guide-
lines. In addition to the simpliﬁed analysis, the guidelines allow
for use of numerical analyses and model tests in the design phase.
The open literature provides several studies on pipeline impact.
Johnson, Reid and coworkers published a series of three papers on
large transverse deformations of thin walled circular tubes (Tho-
mas et al., 1976; Watson et al., 1976a,b). Thomas et al. (1976)
did impact tests where a wedge was dropped onto the pipe’s mid-
span. The energy required to reproduce the same magnitude of
deﬂection quasi-statically was compared to the initial potential en-
ergy of the dropped object. Less energy was needed when deform-
ing the mild steel pipes quasi-statically, typically 50% to 70% of the
initial potential energy in the wedge. Energy transfer ratio in-
creased with increasing dropping height, occasionally up to 90%.
Fully clamped pipes have been studied by Jones et al. (1992) and
by Chen and Shen (1998). Pressurized pipes were studied by Shen
and Shu (2002); Ng and Shen (2006) and more recently by Jones
and Birch (2010). Palmer et al. (2006b) considered concrete coated
pipelines dropped on one another. Manes et al. (2012) attempted
to recreate the loading sequence of impact, pull-over and subse-
quent release by subjecting plate strips of an actual offshore pipe-
line to quasi-static three point bending tests. The strips were then
pulled straight and checked for fracture.
This study presents impact experiments on a simply supported
pipe made from X65 steel, a material typically used for offshore
pipelines transporting oil and/or gas (Oh et al., 2007). To gain a bet-
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programme was performed on specimens taken in different direc-
tions and from different locations across the pipe’s cross-section. A
pendulum accelerator, described in detail by Hanssen et al. (2003),
was used to launch a trolley with a given mass and velocity against
the pipe. No surrounding water was present, and no internal pres-
sure was applied to the pipe. After the impact event the pipe was
pulled straight in a tension rig. This is thought to represent the
loading sequence of impact and straightening of a full-scale pipe-
line, albeit simpliﬁed in order to accommodate the experiments
in the laboratory equipment available. The main physics of the
problem should nevertheless be captured. In addition to providing
experimental data on a pipe being struck and stretched, investiga-
tion on whether such a loading sequence would form cracks and/or
fracture in the pipe wall was of particular interest. A metallurgical
investigation including scanning electron microscopy (SEM) was
therefore conducted on both deformed and undeformed material.
Cracks discovered in the component tests were examined closely,
and additional material tests were performed in an attempt to ex-
plain the fracture surfaces observed.2. Material tests
2.1. Material description
The material in the pipes used in this study is similar to the X65
grade steel used by Manes et al. (2012), but the pipes are manufac-
tured in a different manner. Where the pipes used by Manes et al.
(2012) were formed from rolled plates and welded longitudinally,
the current pipes are made seamless. A rough outline of the form-
ing process is as following: By subjecting a solid metal cylinder to
radial compression, a cavity forms along the cylinder’s longitudinal
axis. This is known as the Mannesmann effect (Ghiotti et al., 2009).
The cylinder is then pierced, thus expanding the cavity to form a
shell. This shell is then worked to the desired speciﬁcations in
terms of diameter and thickness. The production of the pipeline
has been in accordance with the guidelines in DNV-OS-F101
(DNV, 2008) by the Argentinean supplier Tenaris. Further details
can be found in Tenaris’ documentation (Tenaris, Cited
23.01.2013). Variations in the production method may give rise
to different material properties, hence a new material test pro-
gramme was conducted as described below.
All specimens used in the material tests (and the component
tests presented in Section 3) in this study were taken from the
same continuous pipe, which had an initial length of approxi-
mately 12 m. According to the material inspection certiﬁcate, the
nominal yield stress and the ultimate tensile strength are
450 MPa and 535 MPa, respectively. Young’s modulus is
208000 MPa. The inner diameter of the pipe is 123 mm, and the
nominal wall thickness 9.5 mm, making the outer diameter
142 mm and the diameter to thickness ratio approximately 13.
Aside from Fe, the main chemical constituents of this alloy are
0.09 C, 0.25 Si, 1.13 Mn, 0.04 Cr, 0.09 Mo, 0.09 Cu and 0.06 V (num-
bers in weight percentage).
From an energy-dispersive X-ray spectroscopy (EDS) of the ma-
trix, it was evident that it contained Fe, Mn and C, as expected from
the material inspection certiﬁcate. SEM investigations of the unde-
formed material revealed two types of particles; spherical and
angular (both seen in Fig. 1). A diameter of about 2 lm to 25 lm
was found for the spherical particles, and they were inhomoge-
neously distributed in the matrix. They consisted mainly of calcium
aluminate, and bonded poorly with the matrix. The angular parti-
cles, while much less numerous, bonded well with the matrix and
their typical size was about 5 lm. Titanium was the main compo-
nent of these particles, with carbon or nitrogen (inconclusive) sec-ond. The microstructure of the undeformed material seen in Fig. 2
was similar in both the radial and longitudinal direction of the pipe,
and it has a ferritic grain structure with grains of size 6 10 lm.
2.2. Experimental programme
The pipe material’s cross-section homogeneity and possible
anisotropic yielding properties were the characteristics sought by
the material test programme in this study. To examine the section
homogeneity, tensile specimens were cut from different locations
– dubbed north, south, east and west – across the cross-section
of the pipe. Being seamless, the pipe has no natural reference point
on the cross-section, so one was chosen at random. As the material
may have anisotropic properties, specimens were cut in three dif-
ferent directions with respect to the pipe’s longitudinal axis; 0,
45 and 90. Fig. 3(a) makes evident the positions and directions
from where the specimens were cut. These specimens were tested
quasi-statically in tension.
2.3. Uniaxial tensile tests
Tensile tests were carried out at quasi-static strain rate and
room temperature on smooth axisymmetric specimens, whose
geometry can be seen in Fig. 3(b). The chosen geometry should,
based on the images in Fig. 2 from the light optical microscope,
be large enough to sample a representative portion of the material.
A displacement controlled Zwick testing machine was used with a
constant deformation rate of 0.3 mm/min. This corresponds to an
initial strain rate of _e ¼ 103 s1 using a gauge length of 5 mm.
Two tests from each of the positions across the cross-sections
(north, south, etc.) and two from each of the directions (0, 45
and 90) were performed.
During testing, the force, the cross-head displacement and the
specimen’s diameter reduction were continuously measured. A la-
ser based measuring device was used to measure the diameter
reduction until fracture (i.e. also after incipient necking). Two per-
pendicular lasers (AEROEL XLS13XY with 1 lm resolution) exe-
cuted the measuring with great accuracy. The lasers were
mounted on a mobile frame to ensure that the diameters were al-
ways measured at minimum cross-section. With diameter reduc-
tion measurements it is possible to calculate the true stress r
and the true logarithmic strain e through the formulas
r ¼ F
A
ð1Þ
e ¼ ln A0
A
 
ð2Þ
where F is the force measured by the load cell on the Zwick machine
and A0 is the specimen’s initial cross-sectional area calculated by
A0 ¼ p=4ð ÞD20;D0 being the initial diameter. A is the current area
of the cross-section, obtained by
A ¼ p
4
D1D2 ð3Þ
in which D1 and D2 are the diameters measured by the two lasers.
Assuming additive decomposition of the elastic and plastic strains,
the plastic strain can be found through the relation ep ¼ e r=E
where E is Young’s modulus. It should be noted that plastic incom-
pressibility and negligible elastic strains are assumed in Eq. (2), and
that after necking the stress r and strain e represent average values
over the minimum cross-section.
Results from the section homogeneity tests (one fromeach of the
positions) are presented in Fig. 4(a), plotted as true stress vs. true
strain. These curves are similar to those for the X65 steel used by
Hyde et al. (2007) in their study of longitudinal indentation of
unpressurised pipes. The scatter between each individual test from
Fig. 1. Pictures from the electron probe microanalysis of the two types of particles found in the material.
Fig. 2. The microstructure of the material in undeformed condition taken from the pipeline, at  100 magniﬁcation.
Fig. 3. Figure (a) shows the locations and directions from which test specimens shown in (b) were cut.
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Based on average values from 12 tests, the material yields at
478 15 MPa and has a nominal peak stress of 572 14 MPa, strain
hardens to a true peak stress of 1314 12 MPa and fails at a true
strain of 1:61 0:03 by a ductile cup-and-cone fracture. The data
from the tests, along with the fracture surfaces shown in Fig. 5(a)–
(d), strongly suggest that for practical and design applications the
material properties are homogeneous across the cross-section.
True stress-true strain relations from the tests at different direc-
tions (one from each direction) are displayed in Fig. 4(b), showing
the same tendencies; yielding at almost 500 MPa and a peak true
stress of about 1300 MPa. The fracture strain was also of the same
magnitude, approximately 1.6. Again the data is quite conclusive;no anisotropy appears to be present, as the circular fracture sur-
faces in Fig. 5(e)–(f) also indicate. Based on these results, the mate-
rial will henceforth be treated as isotropic and homogeneous, in
contrast to the quite anisotropic appearance of the X65 steel used
by Manes et al. (2012).3. Component tests
3.1. Setup
The experimental setup is an attempt to recreate the loading
scenario where a pipeline is ﬁrst hit and displaced by an impacting
Fig. 4. Data from quasi-static tensile tests on uniaxial specimens.
Fig. 5. Fracture surfaces from different tensile test specimens.
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rebounding caused by the presence of global axial forces. The
experiments consist of two main steps. A simply supported pipe
is ﬁrst struck by a trolley with a given mass and velocity in a pen-
dulum accelerator. The pendulum accelerator is described in detail
by Hanssen et al. (2003). Next, the pipe is straightened quasi-stat-
ically in a standard 1200 kN Instron universal testing machine
using bolts through the unlathed end sections of the pipe, leaving
it free to rotate. The former part represents the impact, while the
latter is thought to correspond to the rebound and straightening
of the pipeline. These steps are a simpliﬁcation of the actual load
events, but will serve as indicators as to what may happen in a real
case.
Fig. 6 illustrates the difference between the actual impact sce-
nario and the experiment, with the actual event divided in three
stages. The ﬁrst part is when the impactor hits and creates a local
dent. Large global deformations are then caused by a continuation
of the impact and hooking of the pipeline. These two steps occur1
2
N N
P
3
N N NN
Real case Experiments
P
Fig. 6. Comparison of reality and experiments, respectively the left and right part of
the ﬁgure. The dotted lines indicate the initial position, while the solid lines signify
the displacements. Stage 1 is zoomed in for clarity, and the sketch is not to scale.simultaneously in the laboratory experiments. As the pipeline is
displaced in the real case, axial forces (labelled N in Fig. 6) arise
as a consequence. These axial forces will in the current tests not
be present due to the test pipe being simply supported, which is
one simpliﬁcation. When the pipeline is ﬁnally released in the real
case, the axial forces move it towards its initial position. This cor-
responds to the stretch part of the experiments. Although the ac-
tual case and the tests differ somewhat, the experiments should
capture the main physics of the problem. Eight pipes were tested
in total, with no surrounding water and no internal pressure. The
ﬁrst six pipes, labelled A through F, were impacted at different
velocities and subsequently stretched. Two pipes, called K and L,
were exposed to the impact part of the test only. This was done
to make bent pipes available for a metallurgical study.
As indicated, an actual piece of a pipeline (albeit of decreased
length to make it ﬁt the test rig) was used as test component. Vital
test parameters, like the free span of the pipeline, the trolley’s mass
and impact velocity, indenter shape and the pipe’s thickness, were
designed by means of numerical simulations and the guidelines gi-
ven by DNV (2010). A schematic sketch of the impact test setup is
shown in Fig. 7. It has been noted, as one might expect, that a
pointed indenter pierces the pipe more easily (Palmer et al.,
2006a). For that reason the sharpest indenter given in the guide-
lines was chosen. The pipe was given a total length of 1300 mm,
a free span of 1000 mm and a nominal thickness of 4 mm, resulting
in a D=t ratio of about 30. This ratio is approximately the same as in
many pipelines in use for oil and gas transportation (Manes et al.,
2012) as well as in the tubes used by Thomas et al. (1976). To
achieve this thickness the pipe was lathed down from 9.5 mm to
4 mm, thus introducing a slightly uneven surface and wall thick-
ness over the cross-section. The thickness of the different pipes
were measured by a portable ultrasound device and measurements
were taken at multiple locations across each pipe.
The trolley was assigned a mass of 1472 kg and an initial veloc-
ity v0 in the range of approximately 2.5 and 5.0 m/s, representing
the trawl velocity (DNV, 2010). Pictures of the test setup are shown
in Fig. 8, where (a) shows the impact part of the experiments and
T = 9.5 mm t = 4 mm
D = 123 mm
d = 50 mm
150 mm 150 mm1000 mm
r = 10 mm
m = 1472 kg
Holes for bolts
used in stretching
v =2−5 m/s
Fig. 7. Schematic sketch of impact part the component test, which corresponds to
stage 1 and 2 from Fig. 6.
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of the pipe was too small after the impact, the tension step after-
wards would require a very high axial load in order to see some
straightening effect. For that reason, it was important to produce
a global deformation sufﬁciently large (of the order of the pipe’s ra-
dius). The supports in the impact phase were massive cylinders
with a diameter of 50 mm, while the hardened nose of the trolley
(the part making contact with the pipe) had a radius of 10 mm. A
load cell located between the nose and the trolley was used to
sample the contact force during impact (Hanssen et al., 2005). In
addition, aluminium crash boxes were set up as buffers to limit
the maximum transverse deformation of the pipes.
3.2. Results
Force–displacement curves for all pipes A through F during both
impact and subsequent stretching are plotted in Fig. 9. As seen, the
scatter is very low. The curves for e.g. pipes A and B are virtually
identical, meaning that initial velocity exerts little or no inﬂuence
on the shape of the curve. As long as the mass ratio between the
trolley and the pipe is large (i.e. the inertia of the pipe becomes
negligible), it seems that the strain rates in this velocity range haveFig. 8. The component tests’ (a) impno signiﬁcant inﬂuence on the measured contact force between the
impactor and the pipe. When testing pipes B and E the trolley hit
the buffer in the rig, hence the matching maximum displacement.
The peak force in the impact tests (see Fig. 9(a)) averaged at
73:1 2:5 kN. The force increases in the beginning when the defor-
mation is still local, and starts to decrease when a transition is
made from local to global deformation, which suggests another
explanation for the peak loads being similar despite the different
initial velocities. The remainder of the kinetic energy after the peak
is attained, is mainly absorbed by global deformation.
The deformation pattern observed corresponds well with the
three modes of deformation identiﬁed by the quasi-static three-
point bending tests on tubular components with similar D=t-ratio
by Thomas et al. (1976). These modes are crumpling, crumpling
and bending, and ﬁnally structural collapse. Increasing the velocity
from 3.24 m/s (pipe A) to 4.14 m/s (pipe E) resulted in the largest
jump in ﬁnal transverse deformation (from 170 mm to 330 mm),
indicating that a transition from crumpling and bending to struc-
tural collapse occurs in this velocity interval.
From Fig. 9(b) it is clear that higher initial velocity, and thereby
higher deformation after impact, produces a much lower force le-
vel during stretching. The machine stiffness in the tension rig
was measured by placing a massive, rigid cylinder in the machine
and loading to slightly above the maximum force from the stretch
tests. Any deformation measured is then in the machine, and this
was subtracted from the original results. When the stretching
phase initiates, the least deformed pipes can take the applied load
as axial forces almost immediately, while the most deformed ones
have to withstand a bending moment ﬁrst due to their large global
deformation. After being straightened, the oval shape of the pipes
became quite circular, which can make impacted zones hard to de-
tect, especially if no visible cracks or dents are present. As will be
shown in Section 4.1, the most deformed pipes received a signiﬁ-
cant crack already after impact only. Photo series at 5000 frames
per second obtained by a highspeed camera of type FASTCAM
SA1.1 model 675 K-M1 can be seen in Fig. 10(a) and (b), whichact phase, and (b) stretch phase.
Fig. 9. Results from (a) the impact tests, and (b) the stretch tests sorted by impact velocity. It should be noted that the stretch data does not account for the increased moment
arm caused by the deformation from the impact. Deformations in the tension machine has been subtracted in the stretch data based on the measured machine stiffness.
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repeatability, and some important parameters from the experi-
ments are listed in Table 1 with an illustrative legend in Fig. 11.
Data for pipes K and L used for metallurgical investigations were
very similar to that of pipes B and A, respectively.
In the impact phase, the pipe was aligned so that it was struck
on the side labelled north, and all pipes deformed well into the
plastic range. Fracture was observed by visual inspection in all
pipes during the stretch phase, but at very different load levels,
ranging from a maximum value of 274 kN to just after stretching
was initiated (about 10 kN judged by visual inspection during
stretching) for the most deformed pipe. Due to the large differ-
ences in deformation, different cross-head velocities were used
during stretching, but was always kept in the quasi-static regime.
During stretching, pipe B (v0 ¼ 5:13 m/s) ruptured through the en-
tire thickness of the pipe wall (shown in Fig. 12(a) and (b)). A visual
inspection of pipe A (v0 ¼ 3:24 m/s) revealed only surface cracks
and not through-thickness failure (Fig. 12(c)). The through-thick-
ness crack has three distinct zones as indicated by the numbers
on the picture in Fig. 12(b):
Zone 1: The impact side of the pipe.Fig. 10. The impact phase of the component tesZone 2: The side opposite to the impact side.
Zone 3: The transition zone between the two ﬁrst zones.
Looking at Fig. 12(c), traces of the pipe being milled down are
visible and fracture appears to initiate at the bottom of these
traces. An uneven surface may lead to stress and strain concentra-
tions, thereby initiating cracks at speciﬁc locations, but as will be
shown this is believed to be of minor importance for the fracture
process itself.
4. Fracture investigations
The undeformed material is described in Section 2.1, whereas
this section will focus on the deformed and fractured material sub-
jected to different loading conditions, taken from the component
tests as well as additional material tests on notched specimens.
The samples were examined using an optical light microscope
and a scanning electron microscope.
The metallurgical investigations are divided in three parts. The
ﬁrst part is comprised of the samples taken from the pipes used in
the component testing. The material was examined after two dif-
ferent load cases: impact and stretching, and impact only. The sec-ts, exampliﬁed by (a) pipe A and (b) pipe B.
Table 1
Experimental matrix for component tests. See Fig. 11 for explanation of measurements.
Pipe A B C D E F
Trolley mass [kg] 1472 1472 1472 1472 1472 1472
Nose radius [mm] 10 10 10 10 10 10
Avg. thickness [mm] 3.89 3.86 4.04 4.26 4.19 4.09
±0.36 ±0.34 ±0.18 ±0.38 ±0.32 ±0.30
Impact test results
Initial velocity [m/s] 3.24 5.13 3.06 2.72 4.14 2.69
Kin. energy [J] 7708 19356 6875 5435 12613 5316
Abs. energy [J] 7294 11736 6520 5096 12503 5083
Peak force [kN] 70.7 72.7 75.1 75.8 74.6 69.7
wi [mm] 170 333 142 105 330 101
LNN [mm] 1250 1104 1267 1286 1123 1288
dNS [mm] 60 22 71 86 25 98
dEW [mm] 180 199 172 162 195 159
a [deg] 12 30 9 3 30 3
Stretch test results
Def. rate [mmmin] 20 20 5 5 10 5
Max. force [kN] 590 90 602 601 307 601
Fracture force⁄ [kN] 100 10 146 274 24 269
⁄Determined by visual inspection during stretching.
N
S
E−W
α
wi
LN−NA
A Cross−section A−A
dE−W
dN−S
Fig. 11. Typical outline of deformation shapes of pipes after impact load at midspan (not to scale), along with explanation of measurements given in Table 1.
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Finally, notched specimens subjected to compression only have
been investigated. The additional material tests will be presented
along with the results from the microscopy.
4.1. Samples from component tests
4.1.1. Impact and stretching
Firstly, the fracture surfaces from the pipes impacted and
straightened were investigated to see what kind of fracture mech-
anisms that were present after the entire loading sequence de-
scribed in Section 3. Visible fracture surfaces from the pipes were
inspected, so the samples were taken from the pipes’ most de-
formed area. Two main types of macroscopic cracks were present
after impact and stretching; through-thickness cracks (Fig. 12(b))
and and cracks on the pipe’s surface (Fig. 12(c)). The through-thick-
ness cracks had three different zones as mentioned above.
Fig. 13(a) shows the fracture surface of zone 1, exhibiting a clas-
sic cleavage fracture (Anderson, 2005). These cracks were the ﬁrst
to appear during stretching, almost immediately after applying the
load. Zone 2, seen in Fig. 13(b), has a fracture surface of a com-
pletely different character – a mixture of small and large dimples
along with spherical particles (typically located at the bottom of
the dimples) are observed, thus indicating a ductile fracture. This
part of the crack propagated at a later stage during the stretch part
of the experiments. The ﬁnal zone is a ductile ‘‘ridge’’ (framed by a
black rectangle in Fig. 14(a)) in the transition from the ductile to
the cleavage fracture surface. Large dimples with particles were
observed along this edge, seen in Fig. 14(b). Cracked particles were
also present, exampliﬁed by Fig. 14(c). A close up of one of the dim-
ples with particles is offered in Fig. 14(d). It appears that voids ini-tiate around the spherical particles (sometimes cracked), which
bonded poorly with the matrix.
In addition to the through-thickness cracks, there were also sur-
face cracks. These were also inspected in the SEM, and a ductile
fracture with directional voids, typical of tearing, was found. The
surfaces were very similar in nature to that of zone 2, seen in
Fig. 13(b).
4.1.2. Impact only
Two additional pipes were subjected to impact, one in the upper
end of the velocity spectrum (pipe K, 5.18 m/s) and one in the mid-
dle (pipe L, 3.26 m/s), corresponding to pipe B and A, respectively.
These were not exposed to stretching, thus allowing investigation
of potential damage after impact only. Samples were once again
cut from the dent where the trolley hit the pipes. Macroscopic
inspections of pipe K revealed a clearly visible crack in the dent
where the nose of the trolley hit. The crack ran through 75% of
the pipe wall’s thickness (pictured in Fig. 15(a)). This crack proba-
bly emerged during the springback after the impact. Investigation
of the microstructure in the optical microscope disclosed a mixed
fracture type (intercrystalline and transcrystalline) after large
deformations (Fig. 15(c)). Further investigation showed that the
grains were much less deformed at the end of the crack tip. This
indicates that the outer side of the pipe wall facing the impactor
suffers more deformation than the inner side.
A cross-section of the pipe at the outer edge of the dent created
by the trolley’s nose, where the crack no longer was visible on the
surface, was also investigated. Internal cracks were found through
75% of the wall thickness, as seen in Fig. 15(b). These cracks did not
connect with any surface cracks either, and may therefore be difﬁ-
cult to detect when inspecting a pipeline after an impact event.
Fig. 12. Photographs of (a) impact zone in pipe B with an arrow signifying the impact direction and location, (b) close-up of through-thickness crack in pipe B and (c) surface
crack in pipe A. All images are taken after impact and stretching.
Fig. 13. SEM images of (a) cleavage fracture in zone 1, and (b) ductile fracture in zone 2, both taken from pipe B.
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be of minor importance. An intercrystalline fracture was found,
with no large deformation of the material’s microstructure, shown
in Fig. 14(d). The fracture surfaces from this test (indicated by the
white arrow in Fig. 15(a)) were also investigated in the SEM,
revealing a brittle cleavage fracture of the same character as seen
in Fig. 13(a).
The pipe impacted at 3.26 m/s showed no immediate tendency
to crack initiation, neither by visual inspection nor in the optical
microscope. The surface was intact and no internal cracks were
seen. Four samples were cut from the impacted area, all of whichare shown in Fig. 16. Sample 1 showed no signs of fracture at
any magniﬁcation. Investigation of the second sample, shown in
Fig. 17(a), revealed a latent crack approximately 300 lm long in
the middle of the material thickness, where the traces from the
milling exerts little or no inﬂuence. The crack was found around
the grain and phase boundaries, and can be very hard to detect.
Deformation of the microstructure appears to be small (compare
Fig. 17(a) to Fig. 2). Surface cracks of about 50 lm were observed
at the impact side in sample 3, as shown in Fig. 17(b). These may
be initiated by the traces arising from the milling process. Hard
phases can be seen near the surface in connection with the cracks,
Fig. 14. SEM images of the transition zone (zone 3) between brittle and ductile fracture surfaces.
Fig. 15. External crack ((a) and (c)) and internal crack ((b) and (d)) found in pipe K subjected to impact at 5.18 m/s. SEM investigation of the fracture surface indicated by the
horizontal arrow in (a) suggested a cleavage fracture.
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say with certainty whether or not such phases are signiﬁcant with
respect to crack initiation. In sample 4 internal cracks were foundalong grain boundaries, with lengths of approximately 20 lm.
All the cracks were located towards the impact side of the pipe
wall.
Fig. 16. Overview of samples taken from pipe L subjected to impact at 3.26 m/s. The arrows point to the side inspected in the microscope.
Fig. 17. Internal crack (a) and surface cracks (b) found in samples taken from pipe L subjected to impact at 3.26 m/s.
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During impact the pipeline appears to suffer large compressive
strains in the dent where the impactor hits, before being exposed
to tension in the course of the springback and the following
stretching. To shed some light on the material’s behaviour under
such loading conditions, experiments on notched specimens
(shown in Fig. 18(a)) were performed in a deformation controlled
Instron 100 kN testing machine. A similar study was conducted
by Bao and Treitler (2004) on an aluminum alloy, which displayed
a decrease in ductility with increasing compression. A contrary
conclusion was reached by Bouchard et al. (2008) after exposing
two different ductile steel grades to compression-tension loading.
Based on the component tests, the ductility is expected to decrease
with increasing compression before tension as a transition from
ductile to brittle fracture is observed in this zone.
Based on numerical simulations, the geometry shown in
Fig. 18(a) was chosen in an attempt to avoid possible buckling dur-
ing the compressive phase. First, the specimens were compressed
to different levels of large plastic strain – two of each specimen
to 10%, 20%, 30% and 40% – before being stretched in tension to fail-
ure. The specimens’ change of diameter was measured by the same
technique as for the tension tests. Two additional specimens were
stretched to failure without compression for reference, making two
series of ﬁve specimens each.
True stress-true strain curves are presented in Fig. 18(b). The
scatter between the two parallel test series from 0% to 40% com-
pression was negligible. In tension only, the true stress-true plastic
strain curve has a clear concave shape. This is not true for the spec-
imens compressed ﬁrst, which exhibit a slight decrease in work
hardening rate before approaching their respective asymptotes.The transient Bauschinger effect is observed through the early on-
set of re-yielding for the reversed load. Towards the end of the ten-
sile phase, all the curves tend to become almost parallel including
the specimens loaded in tension only. Circular and ductile cup-
and-cone fracture surfaces were observed for all specimens. The
area Af of the fracture surfaces increased with increasing compres-
sion, causing the ‘‘absolute’’ fracture strain ef ¼ ln A0=Af
 
to de-
crease as seen in Fig. 19(a). The ‘‘relative’’ fracture strain er ,
obtained by using the area at load reversal Ar as reference rather
than the initial area, also exhibits a drop with increasing compres-
sion. From Fig. 19(b) it is however seen that the effect on the rela-
tive fracture strain is smaller.
The fracture surfaces of the notched compression-tension spec-
imens were examined using scanning electron and optical light
microscopes. Using the SEM, a mixture of large and small dimples
was found in the centre. Further, shear lips were present in the re-
gion near the outer surface in accordance with the cup-and-cone
fracture. At 250 times magniﬁcation, the larger dimples appear to
be deeper in the uncompressed specimen than those in the ones
loaded in compression ﬁrst (see Fig. 20), indicating that voids can
grow to larger extents with less compression – a signal that ductil-
ity is being reduced (Ghajar et al., 2013). In specimens compressed
to 20%, 30% and 40% the calcium aluminate particles are clearly
seen in the large dimples, suggesting once again that voids initiate
around these particles in compression (Sabih and Nemes, 2009).
After compression, the stress level is considerably higher and the
hardening similarly lower. This could lead to earlier void nucle-
ation and accelerated void growth and coalescence by interliga-
ment necking at an early stage.
In Fig. 21(a) the magniﬁcation is increased to 1000 times,
revealing calcium aluminate particles in all the large dimples. No
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Fig. 18. Specimen geometry (a) and results (b) from the ﬁrst test series of notched compression-tension tests.
Fig. 19. Absolute (a) and relative (b) fracture strain vs. compression level from compression-tension tests on specimen shapes from Fig. 18(a).
Fig. 20. SEM images of fracture surfaces of notched compression-tension specimens at  250 magniﬁcation.
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compression at this magniﬁcation level. Compression before ten-
sion is expected to damage or fracture the spherical particles,
and such a phenomenon was observed here. This has been re-
ported in the literature e.g. by Cottrell (1959). By increasing the
magniﬁcation to 3500 times, cracked particles are clearly visible,
displayed in Fig. 21(b).
A further inquiry was made using a light optical microscope;
the sample compressed to 40% was investigated along with the ref-
erence 0% specimen. Both specimens were cut through the center
along the longitudinal axis, making the fracture surface’s proﬁleand the specimen’s inner surface available for inspection. Before
they were placed in the microscope, they were ground and pol-
ished to 1 lm. Fig. 22(a) and (b) show that voids have formed in
a zone near the fracture surface in both the 0% and 40% specimens.
These voids become visible during tension but may initiate during
compression, as will be explained in Section 4.3. Fig. 22(c), show-
ing the 0% sample at 50 times magniﬁcation, displays a somewhat
blurry edge compared to what is seen in Fig. 22(d), which shows
the corresponding 40% sample at the same magniﬁcation. This sug-
gests a less ductile fracture in the 40% specimen. Also, the voids in
this specimen are more spherical compared to the more rhombus
Fig. 21. SEM images of cracked particles in the specimen compressed to 40% at different magniﬁcation levels.
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when tension is preceded by compression. Voids may initiate
around particles and expand perpendicularly to the load direction
during compression, and along the load direction during tension.
From Fig. 22(c) so-called ductile ‘‘ﬁngers’’ are indentiﬁed in the
0% test. The 40% instance, on the other hand, has no such indica-
tions of ductility, made clear by the straight edges on the fracture
surface in Fig. 22(d).
The microstructure also revealed another distinct difference be-
tween 0% and 40% compression when etched in nital. The grains
are deformed and elongated to a much larger extent without the
initial compression. Relative deformation is therefore decreased
in the samples exposed to compression ﬁrst. Both samples’ micro-
structures at failure are shown in Fig. 23, while the undeformed
microstructure can be seen in Fig. 2. Defects like voids and particlesFig. 22. Optical microscope images of cross-section at different mof size 5–40 lmwere observed in the specimen exposed to tension
only, while the one compressed to 40% before tension showed such
defects ranging from 5 to about 90 lm. Both cases are shown in
Fig. 23, but be aware that this is a 2D representation of a 3D mate-
rial, so the darker areas seen might as well be distorted areas in the
vicinity of the calcium aluminate particles.
Compression to 60% was attempted, but barreling of the speci-
men prohibited valid test results from being obtained – the speci-
men failed in the threads during tension due to the cross-section
being widest in the area where the notch had initially been. There-
fore a change was made in the specimen geometry; the cross-sec-
tional diameter was reduced (shown in Fig. 24(a)) to postpone the
onset of this barreling, which was incipient in the 40% specimens of
the primary geometry. Two of each of the new specimens were
compressed to true strain values of 40%, 60%, 80% and 90%, withagniﬁcation levels. Both the 0% and 40% samples are shown.
Fig. 23. Optical microscope images of microstructure and defects in 0% specimen and 40% specimen at  100 magniﬁcation.
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specimen was attempted compressed to 100% true strain.
Again the scatter between the two parallel series was negligible.
Between the two different geometries compressed to 40% and then
stretched to failure, it was expected similar stress levels for corre-
sponding strain. The fracture strain, however, should be different
as the stress triaxiality r is altered (Børvik et al., 2001). Stress tri-
axiality is deﬁned as the ratio between the hydrostatic stress rH
and the von Mises equivalent stress req;r ¼ rH=req. The stress tri-
axiality is dependent on both the notch radius, which in this case
remained the same, and the cross-sectional diameter, which was
changed from 6.4 mm to 4.0 mm – thus decreasing the triaxiality
ratio (Hill, 1950). Based on the results obtained by Børvik et al.
(2001), a reduction in r should lead to an increase in fracture
strain. This is exactly what is observed; the ﬁrst geometry pro-
duced an absolute ef of approximately 0.5, while the latter gave
about 0.8 after 40% compression.
True stress-true strain curves from the second series of tests are
plotted in Fig. 24(b). Herein lies a very interesting feature: where
tendencies to ductility reduction was observed in the previous
tests, it is now even more evident. Compressing the specimen to
90% appears to decrease the ductility to a signiﬁcant extent, also
when looking at the relative deformation from load reversal to fail-
ure in tension. The mode was also altered to a 45 shear fracture,
which can be seen in Fig. 25. Again the surface area at fracture
tends to increase with increasing compression. Both the absolute
and relative fracture strains showed the same tendencies as in
Fig. 19, with the 90% specimen standing out. The SEM images re-
vealed a ductile fracture for the 40% specimen, very similar to
the surface shown in Fig. 20(b). Both the 60% and 80% specimens
did show signs of cleavage fracture along the edges, exampliﬁedFig. 24. Specimen geometry (a) and results (b) from the seby Fig. 26(a) where a particle in a growing void is also shown. This
indicates that ductile behaviour and large scale plasticity may pre-
cede a cleavage fracture, as noted by Smith (1968). Similar results
were found for the the 90% specimen, although with less presence
of cleavage fracture areas. Fig. 26(b) shows the fracture surface,
with a smaller particle initiating a void. Both ductile and brittle
fracture surfaces were observed, and the brittle areas showed signs
of strongly elongated dimples, meaning that large plastic deforma-
tion precedes the brittle fracture.
Compressing the specimen to 100% created a slight barreling ef-
fect, causing the specimen to become widest at the centre. After
stretching it to failure another 45 shear fracture was observed,
although with much less indication of cleavage and an almost en-
tirely ductile fracture. Being widest at the centre, fracture at the
cross-section with lowest area or a shear fracture are more likely
to occur. This lead to a questioning of the results from the 90%
specimen as a similar fracture mode was observed.
4.3. Compression only
Specimens of the geometry in Fig. 18(a) were compressed to
20%, 40%, 60% and 80% plastic strain without being being stretched
in tension afterwards, and then investigated in a microscope in
comparison with the undeformed material. Firstly, larger voids
(150–200 lm) were found in all the compressed specimens in an
area outside the notched zone, i.e. in the threaded area. No voids
were found in the zone where they were observed in the notched
compression-tension tests (exampliﬁed by Fig. 22), which indi-
cates that voids mainly increase in volume during tension even
though they may initiate during compression close to the particles
(Sabih and Nemes, 2009). The angular particles did not appear to−1 −0.8 −0.6 −0.4 −0.2 0 0.2 0.4 0.6 0.8 1
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Fig. 25. Altered fracture mode between 80% and 90% compression before tension.
Fig. 26. SEM images showing indications of both cleavage fracture and ductile behaviour in specimens compressed to (a) 60% and (b) 90%.
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served around the spherical particles. Between the different com-
pression levels there did not seem to be any signiﬁcant difference.
The 80% sample of the initial notched geometry got stuck in the
test machine due to a very high force when compressed, and had to
be cut out of the machine. Compression to 80% for the geometry
from Fig. 24(a) was also attained, as well 90% and 100%. Observa-
tion in the microscope showed that the proﬁle of the specimens
had a slight barreling effect at 80%, and more clearly so at 90%
and 100%. The microstructure had deformed quite uniformly for
the 80% and 90% specimens. Images from the microscope displayed
clearly visible shear bands in the microstructure of the 100% sam-
ple, conﬁrming the assertion that the fracture mode altered due to
the geometric conditions, and can thereby explain the more ductile
fracture surface observed. Such localised shear bands are fracture
modes that most likely will not occur in impacted pipes. Thus,
the reduced ductility seen in the 90% and 100% samples seems to
be an effect of the deformed specimen geometries rather than a
material property, and therefore not necessarily representative
for the problem at hand.5. Discussion
Quasi-static tensile tests showed that the X65 material is both
homogeneous and isotropic. Almost perfectly circular fracture sur-
faces from the tensile tests conﬁrm this assertion. Component tests
of the pipeline showed that the peak force during impact was fairly
constant regardless of impact velocity due to the shift of deforma-
tion mode from local to global, and the mass ratio between the
pipe and the trolley. Global deformation was naturally very depen-
dent on the initial velocity since more kinetic energy has to be ab-
sorbed. So were the force–displacement curves from the
subsequent stretching as well. Cracks were observed in all pipesduring tension, where in the study by Manes et al. (2012) only
one test displayed fracture. Very different load levels were needed
to produce visible cracks, depending on the deformation from the
impact. The highest impact velocities produced fracture already
after impact and springback, causing cracking through 75% of the
pipe’s wall thickness for the highest velocity. The crack extended
to the surface, but internal cracks of the same magnitude were also
detected. At ﬁrst the lower velocities did not seem to produce such
fracture, but after a more thorough investigation in the micro-
scope, internal cracks were indeed found without any visible signs
on the surface. In this area the material appears to suffer compres-
sion to a great extent, hence the motivation for the notched com-
pression-tension tests.
The ductile fracture observed in both the material and compo-
nent tests occurs through void nucleation, growth and coalescence
and is extensively discussed in the litterature over the last decades
(Rice and Tracey, 1969; Thomason, 1982; Tvergaard and Needle-
man, 1984; Tvergaard and Hutchinson, 2002; Tian et al., 2010).
Voids are often thought to initiate by particle–matrix decohesion
or cracking of particles (Goods and Brown, 1979), conﬁrmed here
by the microscope images. As plastic deformation continues, voids
grow in size and eventually coalesce.
Compression-tension tests on the ﬁrst series of notched speci-
mens (see Fig. 18(a)) showed a clear reduction in absolute fracture
strain with increasing compression, while the relative fracture
strain was less affected but still decreasing. This indicates an accel-
erated void nucleation (Sabih and Nemes, 2009). Microscope
images showed a less deformed microstructure and more shallow
dimples, also signs of earlier fracture (Ghajar et al., 2013). Cracked
particles were observed, and can also contribute to this as cracks
formed in particles can propagate into the surrounding ferrite
(McMahon and Cohen, 1965). Voids were round and evenly shaped
after compression-tension, as opposed to the rhombus shaped
pores emerging from tension only. Under compression, voids
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along the load direction during tension, thus creating a more even
shape (Bao and Treitler, 2004). Perpendicular void growth and/or
more frequent void nucleation due to compression necessarily re-
duces the distance between voids, leading to earlier coalescence
and provides an explanation for the more shallow pores in the
specimens compressed before tension. Notwithstanding the com-
pression, the fracture in the specimens compressed up to 40% did
not transform to a brittle one as seen in the component tests where
the plastic ﬂow is more restricted. Such restricted ﬂow conditions
may increase the chances of cleavage fracture (Gao et al., 1996;
Anderson, 2005).
Modifying the geometry of the notched specimens, seen in
Fig. 24(a), allowed for compressive strains of 40%, 60%, 80%, 90%
and even 100% to be attained. Tendencies to cleavage fracture were
observed in the 60%, 80% and 90% specimens, however less so in
the 100% sample. McClintock (1968) noted that cleavage planes
initiated in adjacent grains rarely have a common intersection with
the grain boundary, thus requiring additional deformation to cause
void coalescence. This makes fracture more of a process rather than
an instantaneous event. This could explain the mixture of ductile
and cleavage fracture surfaces seen in these specimens, conﬁrming
that these fracture modes are not mutually exclusive (Smith,
1968). Hoagland et al. (1972) found that brittle fracture could ap-
pear highly segmented, and attributed this to isolated regions dif-
ﬁcult to cleave. They also noted that ligaments are the main source
of resistance against cleavage crack propagation.
Higher level of compression can further extend a void initiated
at a cracked particle without necessarily increasing its volume,
thereby requiring less tensile deformation to obtain void coales-
cence. Another account of the fracture could be that since the par-
ticles deform less than the matrix, stress concentrations arise
around the particles. Locally the stress may be many times the
yield stress, causing a ductile to brittle transition. Antretter and
Fischer (1998) found through numerical investigations that if a
particle is already cracked, it increases the chance of a neighbour-
ing particle cracking due to stress concentrations, thereby initiat-
ing a cleavage fracture. A combination of decreased ligament size
and increased local stress is entirely possible.
Compression only to 80% and 90% created a slight barreling ef-
fect, and an apparent uniform deformation of the microstructure.
The 100% specimen exhibited barreling and clearly visible shear
bands, explaining the ductile fracture surface observed. Fixing
the specimens with a slightly larger diameter might ameliorate
the barreling problem – an effort left for future work.6. Conclusions
Impact and stretching tests of pipes made from an X65 offshore
pipeline steel have been carried out. Straightening the pipes after
impact always produced cracks. This need not be the case for lower
impact velocities. SEM investigations of the fracture surface
emerging ﬁrst after impact revealed a brittle (cleavage) fracture,
and was located on the impact side. The fracture surfaces that ap-
peared during stretching were ductile. As fracture occurs after im-
pact only, a pipe’s axial load capacity can be greatly reduced by an
impact event. Damage in the material can be difﬁcult to assess
without cutting and investigating using microscopy as it may initi-
ate without appearing on the surface.
Compressing specimens appears to reduce ductility, and ten-
dencies to cleavage fracture were observed on the fracture surfaces
when tension was preceded by large compressive strains. Cracked
particles were found as a consequence of compression. Voids may
initiate during compression, leading to a more brittle fracture if al-
lowed to grow extensively. Brittle fracture is caused by large localstresses arising from cracked particles, void nucleation on the sides
of particles during compression or a combination of both. Multiple
nucleation sites and extension of voids into the matrix during com-
pression can reduce ligament size and thereby contribute to a less
ductile behaviour when the load is reversed.Acknowledgements
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